The responsiveness to noxious thermal, mechanical, and chemical stimuli was examined in adult rats that had been treated neonatally with capsaicin. A range of capsaicin doses was employed to determine whether the neurotoxicity of capsaicin to primary afferent fibers would be manifested behaviorally in a selective effect on nociceptive thresholds to specific stimuli. Animals were given 5 to 100 mg/kg of capsaicin at 2 days of age and were examined 2 to 4 months later using the tail flick and hot plate tests to determine thermal thresholds, the paw pressure test to determine mechanical thresholds, and the formalin test to determine chemical thresholds. Significant impairments of treated animals' responses to all three types of stimuli were found at high doses of capsaicin and at doses which seem to lead to the depletion of only unmyelinated primary afferent fibers. Slightly higher doses of capsaicin were required to increase thermal nociceptive thresholds in the tail flick test as compared with the other tests, and mechanical nociception seemed to be the most sensitive to the effects of capsaicin. At any particular dose of capsaicin, considerable variability was found in the responsiveness of animals to noxious stimuli. This may partly explain the inconsistencies in studies of nociceptive thresholds in capsaicin-treated animals. The results also demonstrate the difficulty of correlating the degree of analgesia exhibited by these animals with the extent of loss of primary afferent fibers or with the depletion of afferent putative peptide transmitters.
With the demonstration that capsaicin administered to neonatal animals causes the degeneration of primary afferent neurones and leads to a permanent loss of these through the animal's lifetime (Jancso et al., 1977) came reports of the behavioral deficits exhibited by animals given capsaicin (Holzer et al., 1979; Nagy et al., 1980) . The impetus for examining nociceptive thresholds was undoubtedly provided by the observations that primarily unmyelinated fibers were affected by capsaicin treatment and that these fibers are involved in the transmission of noxious stimuli from the periphery to the CNS (Bessou and Perl, 1969; Burgess and Perl, 1973; Hallin and Torebjork, 1973; Torebjork and Hallin, 1974 contain the peptide substance P, which itself has been implicated as a transmitter of noxious stimuli in primary afferents (Henry, 1976) . It has been hoped that neonatal capsaicin treatment would offer immediate insight into the function of these fibers and of their constituent putative peptide transmitters.
However, the results obtained to date from nociceptive threshold measurements of capsaicin-treated neonatal rats have been widely varying, contradictory, and even paradoxical. Using equivalent doses of capsaicin, several groups have found small increases in thermal nociceptive thresholds (Holzer et al., 1979; Jancso and Jancso-Gabor, 1980; Nagy et al., 1980) . Others have found increases in mechanical and chemical nociceptive thresholds (Faulkner and Growcott, 1980; Hayes et al., 1980) , whereas no effect was seen on thermal nociceptive thresholds (Hayes et al., 1980) . Cervero and McRitchie (1981) reported that neonatal capsaitin treatment decreases responsiveness in the paw pressure test but has no effect in the hot plate test. In the same study, quite the opposite was found in the ability of noxious stimuli to induce reflex changes in blood pressure and gastric motility; capsaicin treatment abolished these reflexes induced by noxious thermal but not mechanical stimuli applied to the abdominal skin area. All of these findings indicate that animals treated neo-natally with capsaicin have impairments in responses to various sorts of noxious stimuli. The reason for the disparity in the results, however, remains unclear. In previous studies the effect of usually one particular dose of capsaicin was examined and no single study has included an analysis of the effects that neonatal capsaicin administration has on all three types of noxious stimuli. The objective of the present study was to minimize the differences in methodological and treatment procedures that may be partly responsible for some of the contradictory findings. Thus, we have examined the nociceptive thermal, mechanical, and chemical thresholds of rats treated neonatally with a wide range of capsaicin doses. In addition, an attempt was made to establish a quantitative basis for changes in nociceptive thresholds by relating these changes to the extent of capsaicin-induced loss of primary afferents. In a previous paper (Nagy et al., 1983 ) the effects of neonatal administration of capsaicin on the fiber types and peptides contained in primary afferent systems of the rat were reported. Those results may be viewed in conjunction with the findings of the present report where the same or similarly treated animals were taken for examination of nociceptive thresholds.
Materials
and Methods The procedures for the administration of capsaicin to neonatal rats, the doses of capsaicin administered, and the various groups of animals utilized in this study are described in the previous paper (Nagy et al., 1983) . Three groups of animals were taken for nociceptive threshold measurements 2 to 4 months after neonatal capsaicin treatment. Animals in group 1 were subject to measurements of nociceptive thermal thresholds only. All animals in groups 2 and 3 were taken for measurements of nociceptive thermal, mechanical, and chemical thresholds, and each animal in each group was subject to four types of tests. Nociceptive thermal thresholds were measured by the tail flick and hot plate methods. The tail flick test was conducted as previously described (Nakamura et al., 1973; Nagy et al., 1980) and involved the exposure of a limited portion of the tail to radiant heat; a ceiling of 20 set was imposed. The hot plate test was conducted by a modification of previously described procedures (O'Callaghan and Holtzman, 1975) . Animals were placed into an observation chamber consisting of clear Plexiglas walls and a metal floor which was maintained at a temperature of 54.5 f O.l"C. The latency to lick either hind paw was taken as the measure of nociceptive threshold. A ceiling of 45 set was imposed and only one measure was made per animal. Animals that had total analgesia and, therefore, reached this ceiling exhibited only slight swelling of the hind paw 1 day after the test. Within another few days the swelling had disappeared and no overt tissue damage was observed. A measure of the latency to lick the hind paws rather than the forepaws was used in the present study. Animals have a tendency to rear on their hind paws, thereby putting these and not the forepaws into constant contact with the heated surface, a factor which obviously contributes to the measure of latency. In the hot plate test all animals, controls or capsaicin treated, tend to lick their forepaws first. However, this reaction was never as vigorous after capsaicin treatment as in controls. Inasmuch as this was a matter of degree, it is difficult to quantitate.
Mechanical nociceptive thresholds were determined as previously described (Swingle et al., 1971 ) using an analgesimeter (Ugo Basile, Milan, Italy). A constantly increasing pressure was applied in turn to each of the hind paws, and the nociceptive threshold was taken as the pressure required to elicit paw withdrawal or struggling behavior. This measure was taken as the average of the two hind paws and was expressed in grams. Nociceptive chemical thresholds were determined according to a slight modification of the method described by Dubuisson and Dennis (1977) . Animals were taken from their home cage and given an injection of 50 ~1 of sterile 5% formalin subcutaneously into the dorsal left forepaw. This injection procedure and the formalin itself seemed to produce minimal discomfort in animals. Rats receiving formalin injections reacted no differently than those receiving saline. After the injections, animals were housed individually for a period of 5 min, placed in a clear Plexiglas chamber for an additional 5 min for the purpose of acclimatization, and finally scored for a period of 5 min according to the procedure described by Dubuisson and Dennis (1977) . During this observation period, formalininjected animals again exhibited minimal discomfort and engaged in normal exploratory and grooming behavior. During this behavior, however, they favored the formalin-injected paw, and the degree to which this paw was favored was quantitated as previously described (Dubuisson and Dennis, 1977) . Advanced healing of the small lesion produced at the site of the formalin injection was apparent 3 days after the test. The formalin test has a maximum signal to noise ratio of about 10. That is, the nociceptive ratings obtained among control animals injected with formalin were about 10 times that obtained among control animals injected with saline; nociceptive ratings decrease with an elevation in nociceptive threshold. The above tests were conducted in the following order: hot plate, tail flick, mechanical, and chemical. A minimum time of 1 week was allowed between each of the tests. To control for the effects produced by repeated testing of animals, thresholds of capsaicin-treated rats were compared to those of vehicle or untreated rats which were taken concomitantly through all of the tests over the 4-week period.
For the analysis of the results the raw data were transformed, either by logs or reciprocals, to meet the homogeneity of variance assumption for an analysis of variance. This criterion could not be met for the nociceptive chemical threshold results where statistical analysis was conducted by the Mann-Whitney U test. For all other data, analyses of variance were performed across doses for the transformed data from each nociceptive test for each of the two experimental runs (higher and lower dose ranges). Multiple comparison tests by the least significant difference procedure were carried out where significant main effects of dose were seen in the analysis of variance. The accepted level of significance wasp < 0.05 unless otherwise stated.
Results perfectly normal thresholds. Although less striking, this is also true of the results of the other threshold tests. The results of the nociceptive threshold determina-
The results for animals in group 2, the low capsaicin tions for the set of animals designated group 3 are shown dose series, are shown in Table II . In this group of in Table I . The analysis of variance of these data revealed animals the analysis of variance revealed a significant a significant main effect of dose in the tail flick test (F main effect of dose in the tail flick test (F = 14.6, df = = 8.9, df = (4,65), p c O.OOl), in the hot plate test (F = (6,96), p < O.OOl), in the hot plate test (F = 4.6, df = 8.1, df = (4,68),p < O.OOl), and in the mechanical test (F (6,95), p < O.OOl), and in the mechanical test (F = 7.9, df = 13.1, df = (4,65), p < 0.001). Significant effects for the = (6,96), p < 0.001). The significant effects obtained in multiple comparison in the thermal and mechanical tests, the multiple comparison tests using the least significant using the least significant difference procedure, and in difference method for the thermal and mechanical tests the chemical test, using the Mann-Whitney U test, are and the Mann-Whitney U test for the chemical test are indicated in Table I . From the point of view of results indicated in Table II . In all of the tests the nociceptive obtained in previous studies, the most important obserthresholds of vehicle-treated animals were not signifivation here is that significant elevations in nociceptive cantly different from those of untreated controls. Small thermal, mechanical, and chemical thresholds occurred but significant elevations in nociceptive mechanical at virtually all of the capsaicin doses indicated. In this thresholds occurred at the lowest dose of capsaicin exgroup of animals significant elevations in tail flick threshamined (5 mg/kg), whereas at the same dose thresholds olds were not seen until a capsaicin dose of 36 mg/kg was in the other tests were unaltered. At doses of 10 mg/kg reached, and with higher doses these thresholds re-and higher, nociceptive chemical thresholds were signifimained fairly constant. In most instances of the other cantly elevated. The comparison of both hot plate and tests, however, higher doses of capsaicin led to slightly pressure data at 15 mg/kg with those at 10 mg/kg demhigher nociceptive thresholds. It is of little value to onstrates significantly decreased analgesia at the higher compare absolute percentage changes between the varas compared to the lower doses of capsaicin. Similar to ious tests due to the different nature and range of the the results in Table I , the doses of capsaicin required to tests, the imposition of arbitrary ceilings, and the difflsignificantly increase latencies in the tail flick test were culty in choosing an absolute base line since no pretreatagain higher than those needed to increase thresholds in ment measure is available for the capsaicin-treated anithe other tests. However, for reasons we cannot explain, mals. To present a clearer picture of these results and to significant effects on tail flick latency were seen at lower emphasize an important point of the effect of capsaicin doses of capsaicin in this group of animals (Table II)  treatment on nociceptive thresholds, the scores of the than in the previous group (Table I) . Relevant here are individual animals in this group are shown in Figure 1 . the results (data not shown) from another series of aniAlthough it is generally evident that with increasing mals (designated group 1) which received capsaicin doses capsaicin dose a greater number of animals exhibited of 12.5,25,50, 75, and 100 mg/kg and which were subject higher thresholds, it is also apparent that this trend is to tail flick and hot plate tests only. For animals in this not uniform, and this is best exemplified by the results of group, receiving capsaicin doses of 25 mg/kg and higher, the hot plate test. Here, capsaicin treatment at particular virtually the same results were obtained as shown in doses can be seen to produce total analgesia in many Table I . At a dose of 12.5 mg/kg the results were comanimals, whereas at the same doses, some animals exhibit parable to those seen at 15 mg/kg in Table II . Thus, the (17) 170 10.5 * 1.1" (15) 177 10.1 f 1.7" (8) 170 9.6 +-1.1 (17) 18.5 f 2.3" (15) Figure 1 . The nociceptive threshold scores of individual adult animals after neonatal treatment with various doses of capsaicin. These results are shown cumulatively in Table I and are taken from animals in group 3. Each point represents a single animal. A, Hot plate thresholds; B, tail flick thresholds; C, chemical nociceptive rating; D, mechanical nociceptive thresholds. The "C" on the ordinate of graphs in A, B, and D indicates the imposed ceilings in these tests and in C indicates animals with zero ratings in the formalin test. The ascending ordinate in the formalin test (C) shows decreasing nociceptive rating and thus increasing analgesia to facilitate visual comparison with the results of the other tests. discrepant tail flick test results in Tables 1 and 2 may simply indicate that doses of capsaicin between 20 and individual animals in one test correlated with that of any 30 mg/kg are the threshold for causing significant effects other test. Analysis of the combined data from groups 2 and 3 using Spearman's rank correlation method at each in this test.
dose level revealed only 3 of 72 possible significant corIt was of interest to determine whether at a particular relations between nociceptive threshold tests at the vardose of capsaicin, or among the controls, the behavior of ious doses. This analysis suggests that the four different nociceptive tests measure quite different behavioral responses to noxious stimuli. Because the behavior of an animal on any one test could not be predicted from its behavior on any other, no attempt was made to depict by identification the behavior of each animal in each of the tests shown in Figure 1 . Discussion One of the major findings of the present study is that capsaicin treatment of neonatal rats causes analgesia to all three types of nociceptive stimuli examined: thermal, mechanical, and chemical. Our results concerning the antinociceptive effects of capsaicin to noxious chemical and mechanical stimuli are in agreement with those of others (Faulkner and Growcott, 1980; Hayes et al., 1980; Cervero and McRitchie, 1981) , and we further showed that similar effects can be achieved with much lower doses of capsaicin than previously used. However, there are inconsistencies regarding the effects of neonatal capsaicin treatment on nociceptive thermal thresholds. At large doses of capsaicin either no effects (Hayes et al., 1980; Cervero and McRitchie, 1981) or only small increases in thermal thresholds have been reported (Holzer et al., 1979; Nagy et al., 1980, Jancso and Jancso-Gabor, 1980) , whereas here, profound thermal analgesia was found among animals given similar or smaller capsaicin doses. Although it is possible that the source of these inconsistencies resides in methodological differences either in treatment of animals with capsaicin or in nociceptive threshold testing, the results of the present study have partly ruled these out and, at the same time, provided another possibility. We have shown that increasing the dose of capsaicin given to neonatal animals increases the degree of analgesia the animals exhibit when they are analyzed in groups. However, at any particular dose of capsaicin, animals within a group were found to have a wide range of thresholds to noxious stimuli. It is unlikely that this variability in thresholds was produced by a differential neurotoxic action of capsaicin in animals receiving similar doses of this agent inasmuch as reproducible and consistent depletions of primary afferent fibers and their constituent peptides were observed in the dorsal roots of the present set of animals (Nagy et al., 1983 ). Thus, it is possible that variability in nociceptive thresholds is a fundamental and inherent principle of the elimination of certain primary afferent fibers so early in development.
This may Ldicate the complex nature of the changes that may occur in primary afferent connectivity or in the CNS after neonatal capsaicin treatment.
The results of the present study, together with those in the previous paper (Nagy et al., 1983) , allow some conclusions to be drawn regarding the degree of primary afferent fiber loss that must occur to precipitate the events leading to altered nociceptive thresholds. Since a negligible loss of myelinated fibers was found in the dorsal roots of animals receiving a capsaicin dose of 25 mg/kg, we conclude that in animals receiving the lower doses of 20 and 10 mg/kg the depletion of only unmyelinated primary afferents occurred. From the observation that nociceptive thermal, mechanical, and chemical thresholds were elevated in animals given these lower doses of capsaicin, it can be concluded that the depletion of unmyelinated fibers alone is sufficient to cause changes in nociceptive thresholds. Insofar as the effects of higher doses of capsaicin are conrerned, it is not possible to decide whether the profound analgesia seen in some animals receiving these doses is due to a greater loss of Vol. 3, No. 6, June 1983 unmyelinated fibers, to the loss of myelinated fibers, or to the loss of both of these from dorsal roots. In general, when considering average total fiber depletions and average nociceptive thresholds of a large number of animals receiving particular doses of capsaicin, larger doses did produce greater total fiber loss and higher nociceptive thresholds. However, in some animals of group 1 for which both thermal threshold results and fiber counts in dorsal roots were available, in individual animals no correlation could be found between reaction latency and the degree of either unmyelinated or myelinated fiber depletions.
The merit of deductions of neurotransmitter function in primary afferents based on behavioral, anatomical, and neurochemical observations has been discussed previously (Nagy, 1982) . The present observation of significantly elevated nociceptive mechanical thresholds at a capsaicin dose of 5 mg/kg, taken together with the findings in the previous paper (Nagy et al., 1983 ) of significant depletions of unmyelinated fibers and the absence of reductions of substance P and somatostatin levels in dorsal roots at this dose, may suggest that these peptides do not play a role in the sequence of events leading to the behavioral manifestation of mechanical nociception. From the present set of results it is difficult to draw further conclusions regarding the function of these peptides in primary afferents.
All of the above conclusions must be qualified by the fact that only the fiber depletions in the 3rd lumbar dorsal root were analyzed, that all of the lumbar and sacral roots were taken for peptide determinations, and that nociceptive threshold measurements reflect activity in many facets of the nervous system. Further work is required to determine whether the generalizations we have made are justified.
